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論文内容要旨
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 infbmlationsocieおy.㎞1argescalelntegration(LSDsyste田,me滋orydev玉cescanstorea益dsubse研uentlyreca11
 ㈱rmati・n・T・d&y'sd・min韻s・1ids㈱semlc・nduct?rme鶏・riesarestaticr㎝d。m隷。㏄ssmem町(言醐,
 d脚a凱icralldomaccess阻emory(DRAM),蹴dflashme搬ory,which益avebeen犠sedtoge重herfbralongtime.En厭e
 electronicsyste溢玉鵬pie鵡e撤edo薮as玉ng玉ec撮pwithSRAM,DRAM,andf}ash損emoryofte獄usedrecently.A11懸ee
 memor呈eshav¢毛he銚ownadv触書agesanddisadvan重ages.SRAMhasexcelle益treadandwritespeeds,however,itslarge
 cells圭zemakesitimpractica茎fbrintegratedapplications癒a重requ辻eaIo£ofmemories,DRAMrequirescons伽tpower
 tore丘es鼓呈tsbitstβ⑯everyfbw磁鷺liseconds.Becauseofits蓋ighpowerconsumptio録,1aごgeamo㎝tsofDRAMare
 imgracticalfbrportableeiectronicss}信紀mswit田imi{edb&tterylifb、、斑contrasttoSRAMandDRAM,{1ashmemory
 wasa簸G獄vola上銭ememory毛hatd㏄snGtIost血e辻撮fbr搬ationw気entぬepoweris鵬edo飢Thenonvolatile{もatureis
 higぬ1ydesirableinpor{ablcele6tronicssyste乱丁虹ed呈sadvantagesoftheflasぬmemoryarefetentio鍛reliab圭11ty,
 1imltatlonofendurance,aadiowprogra㎜i盤gspeedetc.Recently,somenewtype搬e撮orieshavebeenproposeda葺d
 developedfbrexampleMRAM,FeRAMandPRAMetc、asthenextgenerationunlversal磁emory.However,asa
 universa1搬emory,noneof徴emclearedthepr6blemsinm&teriaidegradatio戯a益dscalingdownof窃ememofycell
 size』一
 Forovercomethesepごoblems,i航難isstudy,anewno捻volatileme磁orywit数high-densitymagneticna捻odots
 dまspersedina且insロlatorthatact&sa£oatinggatewasproposed.WecallthisnewmagneticnanodotnonvolatiIe
memory“MNDmemory".
 費g慧relsc五ematicallyshowsMIND!籔emorycellstructure.Asissぬ。職i益Figure1,similartoconven土io貧ai
 βashme!nory,MNDlne!noryce簸iso獄e一触ansistortypelnemoryceiLT鼓eoneoftheInosti狙por槍ntcollceptsint数e
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Figure I . MND memory cell structure: 
MND memory is to use high-density magnetic nanodots high-densely dispersed in the insulator film as a floating gate 
and pinned layer. One of advantages of MND memory is that even if a charge leakage path existed in the tumel oxide, 
only a few stored charges are lost bccause each small floating gate discretely traps electrons. Thus, in the MND memory, 
excellent endurance characteristics can be expected. Another advantage of nanodots memory is that the smallest 
nanodots wi]1 c0.nfine electrons. To confme electrons in each energy level is an advantage for MND memory because 
the quantulXl confinement irnproves the memory retention characteristics. A Iarger energy potential barrier existed in the 
MND memory and achieved smaller lea~age current compared to that of Si nanodots memory because the metal 
nanodots such as FePt and Co have large work function. Another most important concept of the MND memory is the 
magnetic tunnel junction consisted of magnetic nanodots, tunnel oxide, and ferromagnetic control gate that can control 
charging and discharging of electrons by magnetic tunneling effect. Therefore, in the MND memory, excellent retention 
characteristics can be expected even if an extremely thin tunneling oxide is used because the low tunneling probability 
prevents the leakage electron. Consequently, a high programming and erasing speed can be achieved in this new 
MND memory with extremely thin tunneling oxide while maintaining the advantage of high capability for the scaling 
down of memory cell size. A]1 of the advantages indicate that, the MND memory is one of the most promising 
candidates as a next generation universal nonvolatile memory. 
In order to realize MND memory, two key techno]ogies were developed. One is to fonn high-density magnetic 
nanodots. High-density nanodots guarantee a sufficient memory window for the MND memory. Furthennore, nanodots 
also maintain the ferromagnetic properties to combine magnetic tunnel junction with ferroelectric control gate. The 
other key technology is to fabricate and evaluate magnetic tunnel junction for realizing the high performance MND 
memory. 
Anovel self-assembled nanodot deposition (SAND) method was employed to form high-density nanodots fihn. 
The Fe50Pt50 alloy was employed as the nanodots material because the fct FesoPtso has extremely high 
magnetocrystalline anisotropy (Ku=6-10x l07 ergs/cm3). After formation of the FePt nanodots films, thennal stability, 
magnetic properties, crystalline, size controllability, and diffusion of FePt nanodots have been evaluated. Three of 
annealing methods were introduced such as RTA annealing, magnetic field annealing, and novel in-situ annealing. In the 
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RTA annealing, although magnetic FePt nanodots were formed with high corecivities, the thermal fiuctuation 
deteriorates dots uniformity. The oxidation of Fe atom occurred under the low vacuum ambience (lxlO~lPa) is a 
eritical issue to fabricate magnetic tunnel junction. 
In the magnetic field annealing, Iarge coercivity of 2.2T was obtained. It also demonstrated that, applied extemal 
magnetic field during annealing affects ordering kinetics and the nucleation and growih tate of the ordered FePt phase. 
It presume that c-axis can be controlled in the plane direction afier annealing under a high magnetic filed. 
In the in-situ anne~ling, fully-ordered Llo fct FePt nanodots with high magnetocrystalline anisotropy (Ku ~ 
8.7x I 07ergs/cm3) were produced by amealing at 600D for lhour in a high vacuum ambience (1 x 10-5Pa). Furthermore, a 
monolayer of FePt nanodots was produced by annealing at 800C] due to the agglomeration of FePt nanodots in the 
insulator film. The FePt nanodot size in a monolayer can be controlled by the FePt nanodot film thickness. In-situ 
annealing is preferable to form the magnetic tunnel junction because annealing in a high vacuum ambience prevents the 
oxidation of Fe atoms. Furthermore, the in-situ annealing can also realize continual formation of magnetic tunnel 
junction without exposing the sample to the atmosphere ambience. 
Then, the spin polarization of FePt nanodots was examined by electron holography because the magnetic 
tunneling effects were affected by spin polarization of FePt magnetic nanodots. The plane orientation of the spin 
polarization of FePt nanodots with an average dot size of 10nm has been observed, which indicates that the all magnetic 
easy f}axis of FePt nanodots are almost aligned in plane. This phenomenon was unclear now. One of the possibilities is 
that the profile of FePt nanodot agglomerated into elliptic that will afiiect the direction of c-axis. Thus, excellent 
magnetic tunnel effect can be expected in MND memory because of the high spin polarization of FePt hanodots which 
acts as the pinned layer. 
The element states on the surface of FePt nanodots films were evaltiated by XPS bccause the magnetic tutinel 
effect strongly depends on the element states in the surface. It is inferred that in the as-growa state, the metals (Pt and 
Fe) of the FePt are in the oxidized state. The in-situ annealing under high vacuum ambient can suppress the oxidation of 
FePt dots. 
The electrical and magnetic characteristics of the MND memory were investigated using both the MND memory 
device and magnetic MOS capacitor device. 
A MND memory was sucCessfully fabricated by overlapping gate method with Si02 tunneling oxide. Figure 2 
shows ID-VG characteristics of the MND memory. Here, the gate length and width were 10 ~m and 10 um, respectively. In 
the figure, the threshold voltage ( VTH ) of I .8V was largely shified when the gate voltage swept from -5V to 5V . In this 
case, the drain voltage is O. I V. In this MND memory cell, the direction of counterclockwise indicating the charging and 
discharging of electrons occur between the control gate and floating gate. In ID-VD characteristics, the maximum drain 
current of 7 uAlym has bcen obtained with the gate voltage of 3V. Thus, the programming and reading operation of the 
MND memory were confinned. Although the memory operation principles of MND memory have confirmed, but the 
magnetic tunneling effect does not observed in this memory. The reason why the no magnetic tunnel effect was 
observed using the Si02 tunnel oxide is unclear. One ofthe possible explanations is that a Si02 tunnel oxide contains 
critica.1 defects that would scatter spin of tunneling electrons. To realize magnetic tunneling effect in the MND memory, 
in the next section, a magnetic MOS capacitor was fabricated and evaluated using AlxOy as a tunnel oxide. 
Figure 3 shows the C-V characteristics of the magnetic MOS capacitor. The magnetic tunnel effect was observed 
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at room temperature successfully. Here, the hold thne and step voltage were 5 second and O, IV respectively. As is clear 
in the figure, Iarge hysteresis loops were clearly observed in the C-V characteristics. The hysteresis is caused by the 
charging and discharging of electrons in the FePt nanodots floating gate, which reveals that large memory windows was 
obtained in the C-V curves. The direction of the hysteresis loops were clockwise, indicating that the charge and 
discharge of e]ectrons occur between the FePt nanodots film and the NiFe control gate bccause when a negative voltage 
is supplied on the NiFe control gate to inject the electrons from the NiFe control gate into the FePt floating gate and a 
positive voltage is applied on the NiFe control gate in order to erase the charged electrons from the FePt floating gate. 
The black line shows the C-V curve at the applied magnetic fie]d of IT, In this case, the magnetic polarization of the 
FePt pinned layer and NiFe free layer is forced to preserve in parallel because of the large external magnetic field, In 
this case, flat band voltage window of 0.51V was obtained. Then, the modest magnetic field of 0.01T with opposite 
direction is applied. This modest magnetic field only changes the magnetization direction of NiFe. In this case, the 
magnetic polarization of the FePt magnetic nanodots as a pinned layer and NiFe fiee layer is preserved in anti-parallel. 
The red line shows the C-V curve in anti-parallel state with a flat-band voltage widow of O,26V. Therefore, the parallel 
magnetization gives rise to a large flab-band voltage. These results indicate that more electrons are injected into the 
FePt nanodots floating gate when the magnetization direction is parallel because of the higher tumeling probability in 
the parallel magnetization than that of the anti-para]1el magnetization. In the I-V characteristics, the flat-band voltage 
win.dow in parallel magnetic polarization was 0.18V that is larger than that of O.1V in anti-parallel magnetic 
polarization. It is also concluded that the parallel polarization gives rise to higher electron tunneling probability than 
that of ~he anti-parallel magnetization. Thus, the magnetic tunnel effect has been successfully observed by using 
magnetic MOS capacitors at room temperature by both C-V and I-V characteristics. This is for the first time in the 
world to control the charging and discharging of electrons using magnetic tuuneling effect. 
,~ <
 
~l 
i' e
 
e 
~ 
~, 5
 
Fl 
~,~ ,a 
l X Itr4 
1 x 10~; 
l x lO-s 
l x 10-~o 
Lg=1 OlnS 
VD=0.1V 
M~mory wil~do~v: 1.SV 
!i 
200 
~ 
~( 
':~ 150 
~ 
q, 
~' S 
S 100 
.* 
e' 
ee 
a 
~ 50 
o
 
T=300 K 
rar8: IT 
AVp~*O.SI V 
~~ 
A~t~*p~r~~iel: 
AV? *~.'*eV 
Paral!el 
Anti*parallel 
~~ 
O,OIT 
.6 .2 .4 o 4 6 
2
 
Gate voltage ( V ) 
Figure 2, ID-VG characteristics of the MND melnory 
*1 4.8 
Figure 3. 
O 6 4 4 4 2 O O.2 0.4 0,6 
Voltage ( V ) 
Magnetic tunneling effect with C-V 
characteristics. 
- 738 ~ 
鐵 論文審査結果の要旨
 携帯情報機器の普及とともに高速,大容量の半導体不揮発性メモリに対する要求が増大している。
 これまで,大容量の半導体不揮発性メモリとしてはフラッシュメモリが使われてきたが,素子寸法
 が30nm以下にまで縮小されるようになると不揮発性メモリとしての安定な動作が難しくなること
 から,新しい半導体不揮発性メモリの開発を目指して研究が活発になっている。本論文は,データ
 の書き込み,保持に,共鳴磁気トンネル効果を用いることによって,フラッシュメモリよりも低電圧
 で高速にデータを書き込みできる新しい半導体不揮発性メモリについて研究したもので,全編6章
 よりなる。
 第1章は緒論であり,本研究の背景と目的を述べている。
 第2章では,新しいメモリ実現へ向けての課題と問題点を明確にするために,これまでに提案さ
 れている半導体メモリの得失について考察している。これは,有用な知見である。
 第3章では,共鳴磁気トンネル効果を用いた新しいナノドット不揮発性メモリの提案を行い,動
 作メカニズムの検討と,性能改善の可能性について考察している。これは,重要な成果である。
 第4章では,共鳴磁気トンネル・ナノドット不揮発性メモリの特性に大きな影響を与える磁気ナ
 ノドットの形成方法と熱処理効果について検討するとともに,磁気ナノドットの磁気特性を詳細に
 解析,評価している。磁気ナノドットの形成に関しては,SAM)(Seif-AssembiedNan・dot
 Deposition)法という新しい手法を用いて,粒径2～3n搬で,従来の十倍以上のドット密度(10136m-2
 以上)をもつFePt磁気ナノドットの形成に成功している。また,このように微細な磁気ナノドジト
 では,超常磁性現象により磁性が発現しないと雷われていたが,熱処理方法などの工夫により∫2
 テスラ(T)以上の大きな保持力をもつハードな磁性特性を得ることに成功している。更に1電子
 線ホログラフィを用いて,このような磁気ナノドットの磁化方向の直接観察にも成功している。こ
 れらは,非常に重要な成果である。
 第5章では,共鳴磁気トンネル・ナノドット不揮発性メモリデバイスの作製プロセスを提案する
 とともに,実際にメモリデバイスを試作している。試作した磁気ナノドットmSキャパシタを用い
 て,低い書き込み電圧で,容量一電圧特性に,磁気トンネル効果による大きなヒステリシスが現れ
 ることを確認している。このことは,低電圧で高速にデータを書き込むことができる新しい半導体
 不揮発性メモリの可能性を示したものとして,重要な成果である。
 第6章は結論である。
 以上要するに本論文は,データの書き込み,保持に,共鳴磁気トンネル効果を用いることによっ
 て,低電圧で高速にデータを書き込みできる新しい共鳴磁気トンネル・ナノドット不揮発性メモリ
 について,磁気ナノドットの磁気特性とメモリ基本動作特性を評価することによってその実現可能
 性を明らかにしたものであり,バイオ凛ボティクスおよび半導体工学の発展に寄与するところが少
 なくない。
 よって,本論文は博士(工学)の学位論文として合格と認める。
 一739一
